The force required to separate a carbon nanotube from a solid polymer matrix has been measured by performing reproducible nanopullout experiments using atomic force microscopy. The separation stress is found to be remarkably high, indicating that carbon nanotubes are effective at reinforcing a polymer. These results imply that the polymer matrix in close vicinity of the carbon nanotube is able to withstand stresses that would otherwise cause considerable yield in a bulk polymer specimen.
Since the discovery 1 of carbon microtubules in 1991, carbon nanotubes ͑CNTs͒ have been considered to be the ''ultimate'' fiber due to exceptionally high strength, stiffness, and compressive behavior. [2] [3] [4] [5] [6] It is because of their outstanding mechanical properties that carbon nanotubes show promise as fiber reinforcements in strong, lightweight polymer composite materials. As the mechanical properties of composites depend directly upon the embedded fiber mechanical behavior, replacing conventional microsized fibers with CNTs can cause composite properties, such as tensile strength and elastic modulus, to be potentially improved. In fact, several experimental and theoretical works hint at the existence of strong adhesion at the nanotube-polymer interface, which would lead to effective stress transfer. [7] [8] [9] This adhesion will be a strong function of physical and chemical influences, such as the polymer properties in the vicinity of the fiber and covalent bonding between the polymer and defect sites on the nanotube.
Until now, all experimental measurements of the nanotube-polymer interaction have been indirect. Polymer wetting of nanotubes has been observed 10 in nanocomposite samples using transmission electron microscopy but this does not give any quantitative or accurate information as to the magnitude of the interfacial adhesion. Other methods have been attempted to evaluate interfacial quality, including using Raman spectroscopy to monitor the deformation of nanotubes in a polymer, 11 examination of individual nanotube fragmentation under composite loading, 12 and mechanical characterization of bulk nanotube-polymer composite systems. [13] [14] [15] While these methods have been used to give nanotube stress sensors 16 and information on nanotube failure mechanisms, the assessment of the interfacial strength has been unresolved. Experimental measurements of the interfacial strength are severely hindered by the scales involved when using nanotubes, and have led to some computer simulation work of the nanotube-polymer interface. 17, 18 In recent preliminary experiments, we have shown that an individual CNT can be detached from a polymer matrix. 19 This work hinted at the possibility of a highstrength nanotube-polymer interface. In the present letter, we measure the adhesive interactions between a single CNT and polymer matrix using a nanopullout technique. This method for pulling out a single CNT embedded within a polymer matrix is analogous to the microfiber pullout 20 test, widely used in composite testing, which is effective in measuring the adhesion between reinforcements and polymers.
Atomic force microscopy ͑AFM͒ has been shown to be a powerful tool for examining the mechanical properties of nanotube materials. Bending and buckling, 2 frictional properties, 21 and tensile strength tests 5 of CNTs have all been measured using AFM. To carry out a nanopullout experiment, we use AFM to manipulate the CNT in relation to the polymer. A single multiwalled CNT ͑MWCNT, Nanolabs, Massachusetts͒ was attached to an AFM tip ͑MikroMasch, Estonia͒, with spring constant of around 1 Nm Ϫ1 ͑Fig. 1͒ using an established technique. 22 Several such tips were employed, each calibrated by measuring the sensor response on a hard surface, and using scanning electron microscopy ͑SEM͒-determined dimensions to calculate the spring constant. Thin films ͑ϳ300 nm͒ of polyethylene-butene, 23 amorphous thermoplastic polymer, were spin-coated onto a sapphire plate. The surface of the polymer film was imaged in semi-contact mode using the nanotube tip with AFM ͑NT-MDT Solver P47, Zelenograd͒. The polymer film was heated in situ under AFM with the nanotube tip in feedback, or in close proximity over the polymer. Once within the softening/ melt range of the polymer ͑47-52°C͒, AFM was used to push the nanotube tip into the polymer. We observed a ''jump-in'' of the nanotube tip into the polymer at the initial contact point. This was due to the polymer showing a limited degree of wetting of the nanotube, and resulted in the tube being pulled into the polymer by about 10 nm, as measured from the cantilever deflection during this process. To increase the embedded length of nanotube within the polymer, we increased the set-point force on the nanotube. For smalldiameter MWCNTs, there is a tendency for the nanotube to bend rather than continue within the polymer at the highest forces applied ͑vide infra͒. Immediately upon reaching the desired embedded length, the polymer was rapidly cooled. The nanotube was pulled out of the matrix just above room temperature ͑about 30°C͒ by retraction of the z-piezo while recording the AFM cantilever deflection during the pullout process ͑Fig. 2͒. Initially, the cantilever bends away from the polymer surface until a peak force, or maximum bending of the cantilever, is reached. This critical force causes failure at the interface, resulting in the nanotube being pulled out of the polymer. Eventually, a large drop in the force is observed, corresponding to the nanotube fully separating from the polymer. AFM imaging of the polymer surface after the nanopullout experiment is shown in Fig. 3 . The surface shows a clear exit hole corresponding to the removal of the nanotube. Undesired bending of the nanotube during the push-in process can cause distortion of the pullout hole from a circular shape, which was used to evaluate whether the nanotube push-in was normal to the polymer surface or not. If the push-in was not normal to the polymer surface, the measurement was discarded. The embedded length was measured from the lowest position in the exit hole using the AFM height image data. As a double check, the z-piezo and cantilever deflections were used to estimate the total movement of the nanotube into the polymer during the jump-in and push-in processes. A good correlation was found between this total jump-in/push-in distance and the embedded length measured from AFM height image data. At small embedded lengths (L emb ), the maximum fiber-polymer adhesion force (F max ) in a fiber pullout test is a linear function 24 of the embedded length: F max ϳL emb . In principle, this dependence is valid here as well since very small embedded lengths ͑average of 40 nm, not exceeding 70 nm͒ were used in our experiments. These embedded lengths are admittedly small, and therefore we cannot neglect the possibility of influence of an end effect, which is difficult to estimate in view of the lack of knowledge of the end geometry, structure, and nature of bonding. In Fig. 4 , we have plotted F max against the total embedded area A emb of nanotube in the matrix, instead of the embedded length ͑because our experiments were performed with a variety of tube diameters͒, where A emb ϭ2r NT L emb , and r NT is the outer radius of the nanotube AFM tip. L emb was measured from the AFM topography images. The average nanotube-polymer interfacial strength was then estimated from the slope of the linear fit in Fig. 4 through F max ϭ A emb . Neglecting any end effect, this fit gives a value of 47 MPa for the average interfacial stress required to remove a single MWCNT from the polyethylenebutene matrix.
Composite materials containing fiber reinforcements that only interact weakly with the surrounding polymer matrix have experimental interfacial strengths that are typically lower than 10 MPa. 25 This is also consistent with computer simulation work in which the interfacial strength of a CNT-FIG. 2. Typical plot of pullout force ͑taken from the AFM cantilever deflection͒ against pullout time. At ͑a͒, the nanotube is embedded in the polymer. As the nanotube is pulled away from the polymer, the cantilever bends away ͑b͒ until the maximum force, corresponding to the maximum cantilever bending deflection, is achieved ͑c͒. Pullout then occurs ͑d͒, resulting in the eventual complete separation of the nanotube from the polymer ͑e͒. FIG. 3 . AFM height imaging of the pullout area reveals an exit hole ͑a͒ in the polymer surface, the depth of which can be taken ͑b͒ and used to calculate the embedded length. The geometry of the pullout area, clearly showing the hole previously containing the nanotube, is displayed from the AFM height data ͑c͒.
polyethylene system was predicted, using van der Waals interactions, to be 2 MPa. 18 When strong bonding, that is, covalent bonding, occurs between the reinforcement and polymer matrix, the computer simulated interfacial strength can be as high as 100 MPa for a polyethylene-CNT interface and higher for a polystyrene-nanotube system. 17 While each polymer system is unique, these computer simulation predictions, together with our experimental data, are evidence for a relatively strong interface between MWCNTs and polyethylene-butene. We can therefore infer that covalent bonding exists between the polymer matrix and CNT, probably through defects in the outer shell of the nanotube itself.
The present experiments reveal that the polymer matrix around the nanotube is able to withstand high levels of stress that would otherwise see a similar bulk polymer sample fail. The typical tensile strength of the copolymer used here is about ten times lower than the average separation stress required to pull the nanotube away from the polymer. It would be expected that during pullout, the stresses around the nanotube would cause the polymer to yield and fail before the interface. Thus, the pulled-out nanotube would be surrounded by polymer that had yielded during the pullout process. Neither the exit hole nor the pulled-out nanotube in Figs. 1 and 3 show any evidence of this, leading us to believe that the properties of the polymer immediately surrounding the nanotube are different from those of the bulk, with the tensile strength in that area being an order of magnitude greater than the bulk tensile strength.
In conclusion, we have performed nanopullout experiments to measure the separation strength between a single MWCNT and a polymer matrix. The nanotube was embedded within the polymer and pulled out using AFM, with the stress required to separate the nanotube measured during the pullout. We find that the separation stress is relatively high, indicating that the bonding model should consider chemical, as well as physical, interactions. Further, the polymer mechanical properties in the vicinity of the nanotube appear to show differences when compared to those of the bulk polymer behavior. These results highlight the benefits of reinforcing a polymer with a carbon nanotube, and also show that the polymer matrix is surprisingly resilient during the pullout procedure. We are currently extending such measurements to higher embedded lengths. . FIG. 4 . Plot of pullout force, taken from the AFM force curves, against pullout area for the pullout of MWCNTs from polyethylene-butene. The gradient from the linear fit to the data (R 2 ϭ0.89) can be used to calculate the interfacial separation stress of 47 MPa. There is large data scatter at low embedded areas/lengths, which results from the uncertainty in accurately measuring embedded area on a nonatomically smooth polymer surface. Error bars were calculated according to the uncertainty in measuring the spring constant of the cantilever.
